method to account for screening corrections. Ab initio S-matrix calculations have also been carried out by Blundell [11] , who evaluated the 1-loop self-energy and vacuum polarization diagrams directly, along with dominant screening and relaxation corrections from higherorder correlation diagrams. QED energies similar to the ones shown in the following have also been given by Cheng and Chen [9] . In all these correlation and QED calculations, however, only 4s − 4p transitions are considered. Recently, Sapirstein and Cheng [5] calculated QED corrections for Cu-like 4d states using Dirac-Kohn-Sham (DKS) potentials to account for screening corrections. They showed that their QED corrections to the 4p 1/2 − 4d 3/2 transition are consistent with those inferred from the EBIT measurements [4] . However, no detailed comparisons between theory and experiment have been carried out so far.
In this work, relativistic correlation energies for the 4p − 4d transitions in Cu-like ions with Z = 70, 74, 76, 79, 82, 83, 90 and 92 are calculated with RMBPT and QED energies are calculated with DKS potentials in Furry's bound-interaction representation [12] to account for screening and relaxation effects. Results for the 4s − 4p transitions are also shown to provide checks on the accuracy of our calculations. The present QED results are in good agreement with available empirical QED corrections deduced from differences between the measured and the RMBPT energies. In particular, it is shown that for the 4d 1/2 − 4d 3/2 transition, core-relaxation corrections are large and are instrumental in bringing good agreement between theory and experiment. In the following section, the present RMBPT and QED calculations are described. In section III, our results are presented and compared with other theories and with experiment. Finally, in section IV, we summarize our findings.
II. THEORETICAL CALCULATIONS
Details of the RMBPT calculations were given in Ref. [8] . Here, we briefly outline the essential features. Our RMBPT calculations are based on the no-pair Hamiltonian [13] [14] [15] which includes Coulomb and frequency-dependent Breit interactions. To facilitate sums over intermediate states, single-particle basis orbitals for the Dirac equation are obtained from an expansion in terms of B-splines [16] . The perturbation expansion is carried out through third order for both the Coulomb and Breit correlation corrections. Fourth-order Coulomb correlation corrections were studied in [8] and found to be smaller than the numerical error for copper-like ions with Z > 50. Mass-polarization corrections were included perturbatively through third order with the operator 1 M i<j p i · p j . Their contributions are found to be consistently less than 0.01 eV and are not shown here. Nuclear finite size effects are also included, with parameters for the Fermi charge distribution of the nucleus taken from Johnson and Soff [17] , except for thorium and uranium which are from Zumbro et al. [18, 19] .
In this work, QED corrections are calculated from the one-loop self-energy and vacuum polarization diagrams shown in Fig. 1 . Electron self-energies are calculated nonperturbatively in the external potential with partial wave expansions in configuration space.
Subtraction terms involving the free-electron propagator are evaluated in momentum space, which requires accurate Fourier-transformed wave functions. Details of our self-energy calculations, with references to earlier works, can be found in Ref. [5] . As for vacuum polarization, leading contributions are obtained from expectation values of the Uehling potential, while higher-order Wichmann-Kroll corrections, like the self-energies, are calculated nonperturbatively in the external potential with partial wave expansions in the configuration space using the method of Sapirstein and Cheng [20] .
For many-electron systems such as Cu-like ions, correlation corrections to the 1-loop radiative diagrams are significant. Examples of these correlation radiative diagrams are shown in Fig. 2 . As pointed out by Blundell [1] , screening corrections to the valence electron from direct-interaction diagrams such as those shown in Figs. 2(a) -2(d) can be account for exactly by evaluating the 1-loop diagrams with a "core-Hartree" potential V (r) such that
where V C (r) = −Ze 2 /r is the nuclear potential and ρ(r) is the radial charge density of the Ni-like core
In particular, ρ c (r) = g 
where v and c refer to valence and core electrons, respectively, and the sum goes over one less core electron from the same subshell. Core screening diagrams are the same as This is equivalent to using the total charge density of the atomic state
and adding to V (r) an average exchange potential
In particular, x α = 0, 2/3 and 1 for Hartree, Kohn-Sham and Slater averaged-exchange potentials, respectively. With N −electron DKS potentials, self-interaction contributions will not cancel exactly between the direct-and exchange-interaction diagrams, but these residual corrections should be quite small. Computationally, they have the advantage over core-Hartree and modified core-Hartree potentials in that the same screening potential is used for QED calculations of all electrons in an atomic state. Once 1-electron QED energies i are calculated for each subshell i, total QED correction to the energy level is given by
In a "frozen-core" approximation where the same potential is used to calculate the 's for both the initial and final states, QED corrections to transition energies are simply given by differences in v 's. To account for relaxation corrections, we use DKS potentials specific to the initial-and final-state valence configurations. This leads to slightly different 1-electron QED energies for the same atomic subshells in the initial and final states, and core-electron contributions no longer cancel exactly. As we shall show in the following, these core-relaxation corrections are very important for the 4p 1/2 − 4d 3/2 transition.
It should be noted that QED corrections thus calculated will be potential dependent and the key is to choose model potentials that minimize contributions from higher-order correlation diagrams. DKS potentials are used used here because they have been shown to give very accurate QED energies for the 2s − 2p transitions in high-Z Li-and Be-like ions [21] , the 3s − 3p transitions in Na-like to Al-like uranium [22] , and the 4s − 4p transition in heavy Cu-like ions [9] . They should work just as well for the 4p − 4d transitions here.
In this work, two-loop Lamb shifts of the 4s electrons are inferred from known values of the 1s states of H-like ions [23] by screening estimates and 1/n 3 scalings. For the 4p and 4d
electrons, we assume that 2-loop contributions are negligible.
III. RESULTS AND DISCUSSION
Tables I and II shows typical QED results for high-Z Cu-like ions using Cu-like uranium as an example. In Table I From Eq. (6), QED corrections to 4l − 4l transition energies are given by
where and are 1-electron QED energies calculated in DKS potentials of the initial 3d 10 4l
and final 3d 10 4l states, respectively,
are leading contributions from the valence electrons in a frozen-core approximation, and
are relaxation corrections. From Table I , it is clear that valence contributions to relaxation corrections from the first term in Eq. (9) are negligible and that ∆E relax are dominated by core-relaxation corrections from the second term which can be sizeable, especially after summing contributions from all 28 core electrons. transition, the core-relaxation correction is surprising large at close to 0.08 eV, and amounts to a 14% correction to the −0.58 eV total QED correction. In contrast, core-relaxation corrections for the 4s − 4p 1/2 and 4s − 4p 3/2 transitions are smaller at −0.02 and 0.03 eV, respectively, and amount to less than 1% of the respective QED corrections.
To check the accuracy of our core-relaxation calculations which depend on large cance- Our results shown in the following will give further support to these choices.
In Table III agreement with recent high-precision dielectronic recombination [24] and EBIT [4, 25, 26] measurements. We note that detailed comparisons between theory and experiment for the 4s − 4p transitions have been given in Ref. [9] before, with RCI instead of RMBPT but the same QED energies. Here, comparisons are extended to include more Cu-like ions (Z = 70, 76 and 83) where high-precision measurements are also available.
In Table IV [10] , and the cross with an error bar is the empirical data. [10] , and crosses with error bars are empirical data. a Reference [8] b Reference [9] c Reference [24] d Reference [25] e Reference [26] 
